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2 Bank (DDB) contains nearly all worldwide available phase equilibrium data [2] . The NIST SOURCE Data Archival System [3] implements all major principles of the concept of dynamic data evaluation which combines a large electronic database of equilibrium data with expert software designed to generate recommended data.
The correlation of the experimental equilibrium data using an empirical or physically grounded equation allows the interpolation and, with caution, extrapolation of equilibrium data to new conditions of temperature and pressure. The thermodynamic equations used to correlate and predict VLE data are classified as excess Gibbs energy (G E ) models, also named activity coefficient models, and equations of state (EOS).
Classical models to represent the activity coefficient for the liquid phase, or equivalently the excess Gibbs free energy (G E ) that are used for VLE calculations are:
Margules [4] , van Laar [5] , NRTL [6] and UNIQUAC [7] . Another classical model such as the Wilson equation [8] can be used in the VLE calculations but not for LLE and VLLE due to the incapacity of this equation to produce liquid-liquid splitting. All these are activity coefficient models used nowadays and they are exactly the same as those used thirty or forty years ago, although the development of EOS has been much more relevant in the last years. This fact could suggest that the results obtained with the classical models to formulate the non-ideality of the liquid phase are sufficiently accurate and no relevant limitations are found. Nevertheless, this is not the case despite the significant contribution of these models to phase equilibrium data modelling during the past four decades, particularly NRTL and UNIQUAC. Many important limitations exist that have already been widely discussed in the literature [9, 10] . Following, we summarize the most important ones:
1. The activity coefficient models based on binary parameters have been developed with the aim of extrapolating from binary to multicomponent mixtures, but the facts show that very poor or uncertain results are obtained in these phase equilibria predictions.
Therefore, the potential main value of these models is not achieved in practice. As a consequence, group contribution methods such as UNIFAC are used for phase equilibrium predictions involving liquid phases and local composition models such as NRTL and UNIQUAC are restricted to the experimental data correlation.
2. For many systems these models cannot achieve a precise representation of the equilibrium data, as it is required, for example, for separation processes design. Many M A N U S C R I P T
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3 examples of this can be found for VLE and LLE correlations of types 1 and 2 (Treybal classification [11] ), to mention exclusively the most simple fluid phase equilibria [12] .
When the complexity of the system increases, the restrictions are even higher. For example, as far as we know, commercial equilibrium data regression tools do not allow for the simultaneous regression of different equilibrium regions in type 3 and 4 ternary systems (Treybal classification [11] ), neither data regression of island type ternary systems. For example, ChemCAD [13] specifies that it only deals with the regression of type 1 and 2 systems. It seems that the reason is a deficient quantitative description of these types of systems by means of these models, as we discussed in [14, 15] .
3. The simultaneous description of VLE and LLE data is too frequently not possible [16] [9] . In this respect Sandler says in his book [17] : "There can be some qualitative and quantitative inconsistencies when correlating LLE data and then using the parameters obtained to predict VLLE. This is why in the predictive UNIFAC model, there is one set of parameters only for use in vapor-liquid equilibrium predictions and a separate UNIFAC-LLE parameter set only for LLE predictions". This limitation is relevant because the design of separation processes requires a unique set of parameters able to represent all the different equilibrium regions.
Many modifications of the classical models have been published which use different approaches to develop the mathematical functions for the dependence of the activity coefficients with composition and temperature, as for example: Rarey [9] , Gebreyohannes et al. [18] and Neau et al. [19] . However, these and other similar modifications to the classical activity coefficient models do not seem to have influenced thoroughly the later work in this area of the phase equilibrium calculations. For instance, the activity coefficient models included in ThermoData Engine (TDE) [20] , quite recent software to generate recommended data and model parameters based on experimental data from NIST SOURCE, are the classical ones.
In some recent papers we have tried to go further into the reasons for all these limitations of the classical Gibbs energy of mixing models, in an attempt to modify them or propose new ones really capable of overcoming these restrictions. We have selected NRTL as a representative model of the classical activity coefficient equations because among equations for the excess Gibbs energy, it is considered as that which M A N U S C R I P T
offers the best balance between simplicity, reliability and applicability to numerous mixtures [21] . Some of the most important conclusions are the following: Therefore, it seems reasonable and convenient to relax some of the requirements traditionally imposed to the activity coefficient models to favor the quality of the results obtained in phase equilibrium calculations, while taking into account the unquestionable advantages of the molecular thermodynamics insight.
Regarding practical and engineered oriented results, it is important to emphasize that better results are not always accomplished with the apparently superior models, as we showed [23] 
The topological point of view may clarify these concepts for selected examples. This analysis could be performed using the Gibbs energy of mixing (G M ) for the liquid and the vapor, as explained above. However, when considering azeotropy the first term in the right part of both equations Eq. (1) and Eq. (2) Considering the topology of this vapor surface G V and the tangency points required for the ternary and binary mbpa's as a function of temperature, we can observe that Fig. 1c and 1d will only be possible if three conditions are satisfied by the excess Gibbs energy of the liquid surface for these type #47 ternary systems: G E,L must be positive and concave for all the compositions space but furthermore, it must present a maximum in one ternary composition. Moreover, the existence of such a maximum point is not a guarantee for the existence of the ternary mbpa because it also depends on the position of the plane for the vapor phase being possible that the binary azeotrope is obtained at lower temperature. So, concavity with a ternary maximum point in the G E,L surface will be a necessary but not sufficient condition to model type #47 ternary systems. In Fig. 1 , the G E,L surface has been qualitatively drawn to present the conditions required by this type of system. In the present paper, we will show that using the NRTL model is not possible to represent this type of system because the conditions required to present only one binary pair with a minimum boiling point azeotrope (mbpa) lead to a G E,L surface unable to give the tangency in a ternary point at lower temperature as it is required by type #47 systems in the Perry's classification [26] .
Demonstration of a simplified case
Initially we will consider, as a first step in this demonstration, that the two binary subsystems which do not present an azeotrope point (i.e. HI and HL binary pairs) are ideal in the liquid phase. After that, we will extend the conclusions to the more general situation in which no ideal behavior is assumed. For the two ideal binary subsystems the excess contribution to the Gibbs energy is zero. The presence of one mbpa in the binary IL pair requires concavity in the G E,L binary curve. This situation has been represented in Fig. 2 where three possibilities are discussed for the G E,L ternary surface: a) concave and with a maximum in a ternary composition, b) concave but without a maximum in a ternary composition, and c) convex. Cases such as that shown qualitatively in Fig. 2a produce a tangent point between the two Gibbs energy functions (G V and G E,L ) at the same ternary composition for both liquid and vapor phases, that is to say a ternary azeotrope of minimum boiling point, when temperature increases. However, situations shown in Fig. 2b and 2c are not compatible with the presence of one ternary mbpa M A N U S C R I P T
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9 because when the temperature increases, the tangency in the binary LI system occurs first. Pseudoternary planes with a constant ratio c=x L /x I are represented in Fig.2d-f for a better visualization. Following, we will show that the NRTL model is not able to produce a situation such as that shown in case a ( Fig. 2a and 2d) , and consequently the impossibility to reproduce a type #47 of Perry's classification with this equation will be demonstrated.
The G E,L function considering the binary pairs 13 and 23 (LH and IH binary pairs in the previous discussion) as ideal in liquid phase is given by the following equation for the NRTL model:
since
The total derivative of this function can be written as
Taking into account the relation between the molar fractions ‫ݔ‬ ଵ + ‫ݔ‬ ଶ + ‫ݔ‬ ଷ = 1, and consequently ‫ݔ݀‬ ଷ = ‫ݔ݀−‬ ଵ − ‫ݔ݀‬ ଶ , Eq. (7) can be written as:
The existence of any critical point in the G E,L function implies that the total derivative of that function is zero. This condition can be alternatively formulated by means of the two conditions in Eq (9) and Eq (10).
When these two last equations are satisfied simultaneously Eq. (11) must be also true
Using the expression given in Eq. (6) to calculate the partial derivatives indicated in Eq.
(11) the following expression is obtained
Considering that for the binary 1-2 to have one azeotrope of minimum boiling temperature, the G E,L function must be positive for any composition, which means that the term in brackets in Eq. (6) must be positive, it its derived that the first term in the right hand of Eq. (12) Therefore, the condition given in Eq. (11) 
The product x 1 ·x 2 is in the binary always higher than x' 1 ·x' 2 in the ternary region. The second term between brackets is equal in both equations Eq. (6) and Eq. (13), only the first term in brackets remains for this comparison and because G ij >1 for τij<0 (Gij<1 for τij>0) is easily checked that for any value of the composition this term takes always higher values for the binary compared with the ternary region. The conclusion is that For systems type #48 [26] , as that represented in Fig. 3a , the situation is similar to that described above. This is because the change in the binary pair with one mbpa (in this case HL unlike type #47) leads to the same conclusion derived for type #47: the NRTL equation is not able to model this type of ternary systems because of the inability to reproduce a G E,L surface with a maximum point at any ternary composition. Because only a convex surface or, in the best case, a concave one but without a ternary maximum point is obtained (Fig. 3b) , there is not possibility to obtain the conditions required by the type #48 ternary systems.
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Adding ternary interactions
In this section we show that the modification of the classical activity coefficient models by means of the addition of ternary interactions could solve the limitations discussed in the previous section, resulting in the possibility of fitting VLE data for systems such as those of types #47 and #48 [26] , used as examples in the present paper.
For example, the addition of the following term to the NRTL model
where t 1 , t 2 , t 3 and t 4 are fitting parameters, is able to substantially modify the G 
ܴܶ
(ternary interaction) (15) The analysis of the sign of the total derivative of the G E,L function given by the sum of the classical and ternary interaction contributions, when they are represented by the NRTL equation and Eq. (14), respectively, shows that dG E,L may now take the value zero for a ternary composition depending on the parameter and composition values, even for the less favorable situation in which the two binary subsystems without presence of azeotrope are ideal.
To illustrate this point we show in Fig. 4 an example where both the temperature and the Gibbs energy surfaces versus composition have been represented using the original NRTL equation (Fig. 4a and 4b ) and the modified NRTL equation that includes the ternary interaction term (Fig. 4c and 4d) . The parameter values that have been used to reproduce these figures are presented in Table 1 . The original NRTL parameter values are the same as those used when the additional term to the NRTL equation is added. Fig   4b and 4d have been represented at the temperature of the binary azeotrope and,
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13 consequently, the required topology for to model a type #47 ternary system of Perry's classification [26] implies that the plane for the vapor phase must intersect the surface for the liquid phase. Fig. 4a and 4b show that this fact only occurs for the extended NRTL equation with the ternary contribution and for this reason the ternary azeotrope appears in the T versus composition diagram shown in Fig 4c but not in Fig 4a. These examples illustrate how the modification of the NRTL model is able to reproduce VLE data corresponding to a system of type #47 of Perry's classification [26] , involving ternary and binary minimum boiling point azeotropes, which cannot be generated by NRTL equation.
Checking a general case
As already indicated, we have considered in the previous discussion that the two binary subsystems which do not present an azeotrope point ( 
The mathematical demonstration equivalent to the simplified seems not easy since the In conclusion, the modifications of the models taking into account the topological requirements of the Gibbs energy function should be encouraged to achieve better practical results in the experimental equilibrium data correlation. This practice could require a higher number of adequately selected parameters, but the number of parameters to be fitted should not be a problem for modern computers.
Conclusions
For a simplified case where the two binary subsystems showing no azeotropy in types #47
and #48 ternary systems [26] were considered as ideal in the liquid phase it has been mathematically demonstrated that the NRTL equation cannot predict such behaviour. In addition, when the NRTL constants corresponding to those binary subsystems are in the limit of presenting azeotropy, it has been tested that the same impossibility persists. It has also been proved that the addition of a ternary term in the G E,L model provides the required flexibility to that function for removing such limitation. for a ternary system with a binary minimum boiling point azeotrope (1-2) and two nonideal binary subsystems (1-3 and 2-3) using both: a, b) the NRTL model, and c, d) the extended NRTL model. Parameters for the liquid and vapor phases are in Table 2 .
Gibbs energy representations are at the temperature of the binary azeotrope (350K).
